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ABSTRACT
The Atlantic horseshoe crab, Limulus polyphemus, is a commercially, ecologically,
and economically important species. Current management practices of this species may
not be well informed enough to avoid jeopardizing the future health of these animals.
This thesis argues that population differences, as defined by morphometrics, behavior,
and genomics, may be visible over smaller geographic scales than current fisheries
management observes. Specifically, this work focuses on three states in southern New
England: Rhode Island, Massachusetts, and Connecticut. Ten sampling locations were
observed over two years, 2020-2021, from which over 500 crabs were sampled. Width
and weight data were collected to assess whether size differs by location using nonparametric approaches. Tagging data from the US Fish and Wildlife Service was
analyzed to assess whether small, localized movement patterns or broad range
geographic movement was more prevalent throughout the range. Tissue samples were
processed to extract genetic information (single nucleotide polymorphisms) to inform
upon adaptive and migratory traits across the range. Morphometric data identified that
36% of pairwise comparisons were significant. Tagging data showed 69% of recaptured
crabs were caught in the same water body they were originally released. Genomics tools
suggested that outlier loci, more so than neutral loci, were driving the population
structuring observed. Cumulatively, these results suggested that population differences
can be observed over a smaller scale than currently employed for fisheries management.
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ABSTRACT
The Atlantic horseshoe crab, Limulus polyphemus, remains a sought-after species for
bait in the eel and whelk fisheries and as the source of a biomedically significant
endotoxin detection agent (Limulus amoebocyte lysate). Currently, horseshoe crabs
are commercially managed over four large geographic regions of the east coast, yet
evidence exists that finer scale local utilization of habitat by horseshoe crabs may be
more characteristic of their behavior. Sustainable management, particularly of a dualuse species, relies heavily on clearly identifying stock units and distinct populations as
each unit may require customized management tools. The work presented here aims to
illustrate the physical characteristics and further describe movement (through a
tagging study) of horseshoe crabs in the southern New England region. The two
questions we wanted to answer are (1) Does crab size vary with location? and (2) Are
crabs more likely to be recaptured at their original tagging location than any other
sampling location? Crabs were sampled across eight Rhode Island locations, one site
in Connecticut, and one site in Massachusetts. Pairwise Wilcoxon tests identified 28%
and 18% of male and female, respective, prosomal width comparisons exhibited
different mean ranks. Of those comparisons, 69% and 63% occurred across state lines
for males and females, respectively. The same test was applied to weight. A total of
44% (45% interstate) of pairwise comparisons of male weight data and a total of 16%
(100% interstate) of pairwise comparisons for female weight differed in mean ranks.
Overall, tagging data analysis identified the 68% of crab recaptures occurred in the
same water body the crab was initially tagged in; however, these results are
confounded by the large range in the sample size of recaptures by location (min n=1,
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max n=1449). The results in this study agree with previous work in Massachusetts that
identified significant differences in horseshoe crab size over a short geographic scale.
However, this previous study found higher percentages of differences between
sampling sites using fewer crabs and a parametric approach (ANOVA). The tagging
results do not agree with many previous New England studies which identified very
few crabs exiting the water body they were tagged in. All of the studies I analyzed
used acoustic telemetry and observed fewer than 50 crabs. While the results in this
study are not entirely consistent with previous work in the same geographic area, they
do provide a baseline for future work that needs to be completed to inform sustainable
management, most of which can be done through volunteer networks and educating
the community of citizen scientists.
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INTRODUCTION
The Atlantic horseshoe crab, Limulus polyphemus, is the only extant member of the
Family Limulidae found in the Atlantic Ocean. This species spans from northern
Maine to the Gulf of Mexico and the Yucatan Peninsula with the epicenter of biomass,
and research, residing in the Delaware Bay (Shuster and Botton 1985; Shuster and
Sekiguchi 2009; Luo et al. 2020). The history of horseshoe crab harvest starts with the
animals being used as fertilizer in the mid-1800s (Shuster and Botton 1985). After
many decades of unregulated harvest, the Atlantic States Marine Fisheries
Commission (ASMFC), a body responsible for fisheries management through an
Interstate Compact, issued the first fishery management plan (FMP) for horseshoe
crab in 1998 (ASMFC 1998).
Today, horseshoe crabs are commercially harvested exclusively for bait and
biomedical uses (ASMFC 2019). The American eel (Anguilla rostrata) and various
whelk (Busycon carica, Busycon sinistrum, Busycotypus canaliculatus, Buccinum
undatum, and Melongenidae spp.) fisheries consume most of the bait harvest.
Coastwide, the American eel and whelk fisheries are worth, on average between 2010
and 2020, more than $20,000,000 (ACCSP). Biomedical companies harvest the
aqueous hemolymph known as Limulus amebocyte lysate (LAL) to develop endotoxin
detection tests and vaccines that have been crucial to modern medical advancements
(Berkson and Shuster 1999; Arnold 2020; Dhanesha 2020). Unfortunately, both bait
and biomedical user groups have been unsuccessful in finding artificial alternatives,
suggesting that management of this fishery will be needed well into the future
(Industrial Economics Incorporated 2008; Maloney et al. 2018; Dubczak et al. 2021).
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To sustainably manage any species, especially one described as vulnerable by
the IUCN red list, special attention must be given to accurately defining stock units as
each unit may require different tools (Begg et al. 1999, Smith et al 2016). Currently,
ASMFC defines Rhode Island to Maine as a single stock unit referred to as the
Northeast Region. Each region is given a ranking of “good,” “neutral,” or “poor”
depending on how well current surveys perform compared to their 1998 reference
point. Managers then decide what regulatory or management action to take depending
on the status assigned to the region. States also have the autonomy to decide if they
want to employ a more conservative approach than what would be required by
ASMFC, such as quotas or closures. The 2019 stock assessment determined that the
Northeast Region was in a “neutral” state based on the averaging of a single “positive”
trend from Massachusetts fishery independent data and a single “negative” trend from
Rhode Island fishery independent data. If the two trends represent different biological
stock units, the averaging of the two indices would mean that neither state is being
accurately represented by ranking and could lead to incorrect management.
Multiple New England studies of physical traits (size) and behavior support the
disparate survey trends in suggesting finer scale stock units. To briefly summarize,
Maine, New Hampshire, and Massachusetts studies all found zero to few instances of
horseshoe crab population mixing when studying small embayments between 2003
and 2010 (Moore and Perrin 2007; Schaller et al. 2010; James-Pirri 2010).
Additionally, two studies have shown Massachusetts crab sizes (prosomal width) vary
significantly over a small geographic scale (Riska 1981; James-Pirri et al. 2005). A
major tool in fisheries management is setting minimum and/or maximum sizes of
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animals that can be harvested. If significant size variation is observed within a single
management unit, then applying a single size threshold to harvest may negatively
impact the population(s) located in the unit.
Given this foundation, the two questions examined here are (1) Does crab size
vary with location? and (2) Are crabs more likely to be recaptured at their original
tagging location than any other sampling location? To test these questions, we
sampled ten locations in southern New England over a two-year period to collect
morphometric data and compiled informative US Fish and Wildlife mark-recapture
data to analyze behavior. The goal of this research is to determine if Rhode Island
crabs align with the trends and behaviors observed in other Northeast Region states
and use these findings to help inform species management plans.
METHODS
Field Sampling
A total of eleven sampling locations were selected based on historical horseshoe crab
activity and suitable spawning habitat to represent the Southern New England region
for this study (Figure 1). This research relied heavily on Rhode Island, Massachusetts,
and Connecticut’s respective state environmental agency staff for guidance on
sampling site selection. While crabs have been observed opportunistically utilizing a
variety of substrates for spawning, most activity occurs in protected sandy bays,
estuaries, and ponds (Shuster and Botton 1985, Smith et al 2002, Landi et al. 2015).
Eight locations were selected in Rhode Island and one location was selected from both
Massachusetts and Connecticut. Ultimately, due to a lack of crabs, a second
Massachusetts location was selected to supplement the first. For the entirety of this
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study, crabs from both Massachusetts sampling locations were treated as a single
population.
Sampling occurred by hand collection between May and August over a twoyear period (2020 and 2021) focused around the new and full moons. This approach
ensured that adult crabs were being sampled as spawning activity typically coincides
with major moon phases (Brockmann 1990). Crabs were also sampled by the Rhode
Island Department of Environmental Management (RI DEM) and The Nature
Conservancy staff opportunistically as encountered during seine surveys taking place
at the sampling locations. The goal was to survey at least 30 crabs, split evenly
between males and female, in each location in each of the two years. Once captured,
crabs were separated by sex, measured across the widest point of the prosoma (Figure
2), weighed, inspected for injuries, and affixed with a uniquely numbered US Fish and
Wildlife Service (USFWS) horseshoe crab monitoring survey disc tag. For future
genetic research, a segment of walking leg was clipped, placed in 5mL of DNA/RNA
shield, and stored at -80˚C (Zymo Research). When possible, water temperature,
salinity, and dissolved oxygen measures were collected at each sampling event.
Tagging Data Filtering
Horseshoe crabs have a terminal molt phase, relatively long lifespan, and few
predators in their adult stage, making this species the perfect candidate for long-term
tagging studies (Loveland 2002).All historical tagging records that contained a crab
tagged and/or recaptured in Rhode Island were obtained from the USFWS in
November 2021. The tagging program and subsequent data set originated in 1999 and
has since continued to grow by providing tags to agencies along the United States’
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east coast for a multitude of long-term monitoring and research projects. This program
relies heavily on citizen scientists and members of the public to report recaptures.
Once received, the data were filtered to standardize release and recapture
locations to a scale fitting this project (Figure 3). It should be noted that the
standardized location of “Little Narragansett Bay” includes sections of both
Connecticut and Rhode Island waters. For the purpose of this study, these crabs were
treated as native to Rhode Island. Additionally, a tagging location of “Narragansett
Bay” was added to represent all previous Narragansett Bay tagging events and tagging
that took place at Conimicut point as part of this research. After standardizing, the
complete data set was filtered to remove recaptures that took place within the same
year the tag was affixed to the crab and multiple sightings of the same crab in the same
month, year, and location. These methods were used to reduce inflation introduced by
multiple people reporting the same crab, reflect the interannual time scale we aimed to
observe, and capture any departures a crab made from their original tagging location.
A column for linear distance travelled and a column for direction of travel were added
to the data set to estimate average bearings and to quantify significant movement.
Consistent with other studies, this work defines significant movement as linear travel
greater than 3.5km (Moore and Perrin 2007). All data filtering was performed in R
Studio(R Core Team 2022) using tidyverse (Wickham et al. 2019).
Analyses
Morphometric data, pooled by year, were analyzed using two approaches to
determine if size differed among locations. The Kruskal-Wallis test was used as a nonparametric alternative to a one-way analysis of variance (ANOVA) to determine if
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size variables, grouped by location, originate from the same distribution (Kruskal and
Wallis 1952). Pairwise Wilcoxon comparisons were then completed to determine
which sampling locations differed from each other (Wilcoxon 1945). All p-values
obtained from Wilcoxon tests completed in this work were corrected using the
Bonferroni method to decrease chances of false discovery (Bonferroni 1935). This
analysis was completed for both prosomal width and weight. Given the sexual
dimorphism present in crabs, all morphometric analyses were performed separating for
each sex (Botton and Loveland, 1992). Analysis of variance (ANOVA) could not be
used with this dataset given the data did not meet the assumption of common variance
in all populations (Eisenhart, 1947). Summary statistics of significant interstate
comparisons will be utilized to further investigate the opposing state trends used in the
2019 ASMFC stock assessment.
Summary statistics were conducted to determine what proportion of crabs
travelled to a location other than the water body they were tagged in. Tagging and
recapture data also did not satisfy the ANOVA assumption of equal variance so again
the Kruskal-Wallis and Wilcoxon tests were used to determine if distance travelled
differs by tagging location. Recapture rates were low in some areas, so this analysis
was not separated by sex. Additionally, this part of the analysis was only completed
for crabs tagged in Rhode Island as this work is focused on characterizing Rhode
Island crab behavior.
RESULTS
Morphometrics and Environmental Attributes
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In 2020 and 2021, respectively, a total of 293 and 280 crabs were sampled and tagged
(Table 1). Connecticut was the only site not sampled in 2020 (due to COVID-19). The
average male carapace width is 198.0mm and the average male weight is 1.1kg across
all samples (Figure 4, Figure 5). The average female carapace width is 261.2mm and
the average female weight is 2.8kg across all samples (Figure 6, Figure 7). KruskalWallis tests rejected the null hypothesis that width is consistent across sampling
locations for both males and females (p <0.0001). Pairwise Wilcoxon tests showed
significant differences in prosomal width between sites in 29% of male comparisons
and 18% of female comparisons. Of these significant differences, 69% and 63%
occurred across state lines for males and females, respectively (Table 2). The
significant within state pairwise male comparisons are Winnapaug Pond v Ninigret
Pong, Winnapaug Pond v Point Judith, Winnapaug Pond v Conimicut Point, and
Quonnie Pond v Ninigret Pond. The two geographically closest sampling locations
that exhibited significant differences in widths for males are Quonnie Pond and
Ninigret Pond (~7.19 km, measurements calculated using linear distance on Google
Maps). The significant within state pairwise female comparisons are Block Island v
Ninigret Pond and Block Island v Conimicut Point. The two geographically closest
sampling locations that exhibited significant differences in widths for females are
Block Island and Ninigret Pond (~18.5 km).
Kruskal-Wallis tests also rejected the null hypothesis that weight is consistent
across sampling locations for both males and females (p <0.0001). A significant
difference in crab weight between sites was observed for 44% male comparisons (45%
interstate) and 16% female comparisons (100% interstate) (Table 3). The significant
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within state pairwise male comparisons are Napatree Point v Quonnie Pond, Napatree
Point v Point Judith, Winnapaug Pond v Quonnie Pond, Winnapaug Pond v Point
Judith Pond, Quonnie Pond v Ninigret Pond, Quonnie Pond v Conimicut Point,
Quonnie Pond v Block Island, Ninigret Pond v Point Judith, Ninigret Pond v Narrow
River, Point Judith v Conimicut Point, and Point Judith v Block Island. The two
geographically closest sampling locations that exhibited significant differences in
weights for males are Quonnie Pond and Winnapaug Pond (~3.77 km).
The average water temperature during the 2020 sampling season was 17.7˚C
(n=22) and 20.1˚C during 2021 (n=28). In 2020, the mean salinity (n=20) was 28.0ppt
and the mean level of dissolved oxygen (n=20) was 10.3mg/L. In 2021, the mean
salinity (n=15) was 26.9ppt and the mean level of dissolved oxygen (n= 16) was
8.7mg/L. Measures of salinity and dissolved oxygen were not obtained for Block
Island (2020 and 2021) and Massachusetts (2021). Mean environmental variable
values by year and location can be found in Table 4.
Tagging
Since 1999, a total of 6,106 crabs have been tagged in Rhode Island (41% female,
59% male, < 0.01% unknown). There have been 1,489 unique crabs recaptured (24%
of releases) with 1,303 (21% of releases) occurring in Rhode Island. These metrics do
not include crabs that have been recaptured more than once. The recapture rate for this
study was higher than comparable studies by at least 10% (James-Pirri et al. 2005;
James-Pirri 2010). The average time between release and recapture is 2.7 years with
two crabs exceeding 20 years between release and recapture.
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A total of 531 crabs (31%) were recaptured in a different location from where
they were tagged (Table 5). The location with the highest proportion of crabs
recaptured outside of their tagging location is Narrow River (100%); the location with
the lowest proportion is Ninigret Pond (0%). The direction travelled by most crabs
who left their tagging site was northeast (44%). The tagging location with crabs
exhibiting the greatest mean distance of travel was Narragansett Bay (41km); the
shortest mean travel distance greater than zero was 7.01km (Quonnie Pond). All mean
travel distances were greater than the value that describes significant movement
(3.5km).
There are four significant pairwise Wilcoxon results when examining
differences in distance travelled by location (Block Island v Narragansett Bay, Block
Island v Narrow River, Block Island v Winnapaug Pond, and Little Narragansett Bay v
Narragansett Bay) (Table 6). The number of recaptures by location varied widely
(n=1-1449) (Table 5).
DISCUSSION
When looked at cumulatively, 36% of pairwise comparisons showed significant
differences in morphological features between sampling locations. Of those significant
comparisons, 65% are across state lines. Given that Block Island is ~16km south of
Rhode Island it may be more informative to treat this sampling location as “out of
state.” When Block Island is added to the significant Massachusetts and Connecticut
pairwise comparisons, the percent of significant values increases to 75%. To reference
back to the indices used in the 2019 stock assessment, these data may further support
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differing horseshoe crab patterns (both population and morphometric) by state or
isolation.
There are countless ways that the sampling locations could be grouped given
varying distances, depths, and state lines to show a variety of patterns; however, the
strongest statement that can be made for hypothesis 1 of this work, crab size varies
with location, is that the results partially support the hypothesis. These results are not
consistent with James-Pirri et al.’s (2005) study of horseshoe crab prosomal width
along the coast of Cape Cod which found that 83% of female comparisons and 90% of
male comparisons showed significant differences from each other. A potential
explanation for the inconsistent results could be the greater power present in the Cape
Cod study. This work had >600 individuals sampled per location and could use a more
powerful statistical test (ANOVA) for analysis.
Another important study to examine in comparison to this study is Shuster’s
(1982) study, which places the largest horseshoe crabs in South Carolina and the
smallest crabs at the northern and southern extremes of the species’ range For males,
this finding was consistent with the current study with the smallest median crab size
(181.5mm) being observed in Massachusetts (most northern location) and the largest
median crab size (~210mm) being observed in Connecticut and Ninigret Pond (most
southern locations) (Figure 4). For females, however, this study observed the inverse.
The smallest median female crab size (245.mm) was observed in Quonnie Pond and
the largest mean female crab size (277.5mm) was observed in Massachusetts (Figure
6). Possible causes for this difference could be the higher statistical power provided
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by ANOVA analysis in the 1982 study or changes in size distribution in the past 40
years.
Tagging results, specifically the proportion of crabs recaptured in the same
water body they were tagged (68%), support hypothesis 2: crabs are statistically more
likely to be recaptured at their original tagging location than any other sampling
location. .. Given the variance in estimates and low recapture rates, extrapolating the
findings beyond the samples collected may not be warranted until supporting data can
add more certainty to these findings. The differences recapture effort across locations
may be a reason for the findings of this study, so care must be taken when interpreting
results. Little Narragansett Bay has the highest number of recaptures (n=1449) with
over 70% of crabs recaptured in the same location. Annually, RI DEM, Mystic
Aquarium, The Watch Hill Conservancy, and other conservation groups survey
Napatree Point during peak spawning and are advised to report tagged crabs. The
areas with very few recaptures (n<6) are not currently surveyed during times of high
spawning activity by any state or conservation entities consulted as part of this
research.
In contrast to the New England analyses performed by Moore and Perrin
(2007), James-Pirri (2010), and Schaller et al. (2010), all of which found few to zero
instances of crabs exiting the water body they were tagged in, this work found
instances of departure in 87% of tagging locations (Table 5). Again, the work
performed in these three examples were much more powerful given that they used
acoustic telemetry which offered near constant monitoring of horseshoe crab location;
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however, the maximum number of crabs tracked by any of the three surveys was 55
crabs while the study presented here observed over 1,700 crabs.
The pairwise comparisons that show travel distance varies significantly by
location can be used as a proxy for changes in behavior by location. Future work could
look to identify drivers of differing movement patterns such as food availability,
habitat suitability, or mate availability. Most of the significant differences (75%) occur
between Block Island and mainland Rhode Island. This could be further evidence that
the population on Block Island should be treated differently from mainland crabs.
The results in this study provide a baseline for future work that needs to be
completed to inform sustainable management of horseshoe crab in the Northeast
region. The limitations of this work are the small sample sizes which are easy, and
mostly cost free, to resolve with increased recapture efforts, tagging, and measuring
live animals . As a network of volunteers interested in horseshoe crabs already exists,
employing this method to supplement the existing data set requires little effort.
Organization and outreach would likely go far in increasing the effort to collect more
data. If further data collection supports these findings, fisheries managers may want to
reevaluate requirements, and the size of the area they apply to, such as minimum crab
size or allowable harvest. Between the historical studies on horseshoe crab size and
behavior within New England and the research presented here, there is ample evidence
to present to management bodies on the work that needs to be completed to better
define stock units for this commercially and ecologically significant species.
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Table 1: Horseshoe crabs tagged by year, sex, and location.
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Connecticut
Napatree Point
Winnapaug Pond
Quonnie Pond
Ninigret Pond
Point Judith
Narrow River
Conimicut Point
Massachusetts
Block Island

Connecticut
NA
0.142
0.002
0.018
0.786
0.082
0.082
0.542
0.000
0.97

Napatree Point
0.436
NA
0.063
0.371
0.082
0.773
0.786
0.313
0.003
0.623

Winnapaug Pond
1
0.272
NA
0.297
0.000
0.005
0.103
0.005
0.063
0.84

Quonnie Pond
0.861
0.272
0.865
NA
0.006
0.135
0.535
0.063
0.015
0.676

Ninigret Pond
0.657
0.602
0.623
0.554
NA
0.082
0.063
0.542
0.000
0.676

Point Judith Narrow River Conimicut Point
0.554
0.676
0.442
0.657
0.554
0.84
0.599
0.657
0.326
0.533
0.602
0.303
0.84
0.872
0.642
NA
0.676
0.676
0.56
NA
0.602
0.397
0.228
NA
0.000
0.009
0.000
0.676
0.84
0.623

Massachusetts
0.027
0.286
0.026
0.026
0.03
0.08
0.026
0.183
NA
0.069

Table 2: Pairwise Wilcoxon rank-sum test results for comparisons of prosomal width (mm) by location. Females are
represented above the line of diagonal black cells and males are below the line. Significant P-values (P < 0.05) are
highlighted. Within state significant P-values are underlined
Block Island
0.022
0.193
0.642
0.642
0.005
0.103
0.359
0.032
0.082
NA

22

Connecticut
Napatree Point
Winnapaug Pond
Quonnie Pond
Ninigret Pond
Point Judith
Narrow River
Conimicut Point
Massachusetts
Block Island

Connecticut Napatree Point Winnapaug Pond Quonnie Pond Ninigret Pond Point Judith Narrow River Conimicut Point Massachusetts Block Island
0.883
0.002
0.715
0.697
0.954
0.623
1.000
0.584
0.228
0.623
0.062
0.611
0.383
0.129
0.611
0.228
0.883
0.760
0.788
0.062
0.779
0.715
0.452
0.788
0.594
0.856
0.867
0.883
0.003
0.773
0.726
1.000
0.715
0.032
0.042
0.204
0.918
0.002
0.961
0.883
0.611
0.004
0.232
0.465
0.236
0.918
0.001
0.715
0.788
0.001
0.673
0.006
0.010
0.078
0.954
0.001
0.954
0.232
0.030
0.465
0.236
0.232
0.492
0.954
0.003
0.078
0.004
0.899
0.014
0.423
0.620
0.449
0.039
0.023
0.000
0.000
0.016
0.000
0.001
0.005
0.004
0.014
0.916
0.051
0.001
0.916
0.006
0.331
0.620
0.369

Table 3: Pairwise Wilcoxon rank-sum test results for comparisons of weight (kg) by location. Females are represented
above the line of diagonal black cells and males are below the line. Significant P-values (P < 0.05) are highlighted. Within
state significant P-values are underlined

Table 4: Mean environmental variable values by year and location
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Table 5: Summary of recaptured horseshoe crabs with distance, direction, and proportion travelled.
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Little Narragansett Bay
Narragansett Bay
Narrow River
Ninigret Pond
Point Judith
Quonnie Pond
Winnapaug Pond

Block Island
0.22
0.00
0.02
0.88
0.22
0.88
0.02
0.00
0.12
0.88
0.36
0.88
0.12
0.88
0.88
1.00
0.98
0.88
0.88
1.00
0.98
1.00
0.88
1.00
0.74

Little Narragansett Bay Narragansett Bay Narrow River Ninigret Pond

0.88
0.88

Point Judith

Table 6: Pairwise Wilcoxon rank-sum test results (P-values) for comparisons of distance travelled
(km) by location. Significant values (p < 0.05) are highlighted.

1.00

Quonnie Pond

Figures
Figure 1: Map of sampling locations.
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Figure 2: Widest point of prosoma used for width measurements of horseshoe crabs.
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Figure 3: Sampling sites with rough outlines of geographic areas used for tagging
analysis.
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Figure 4: Male horseshoe crab prosomal width (mm) by location. Median width
provided for each location above corresponding box and whisker.
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Figure 5: Male horseshoe crab weight (kg) by location. Median weight provided for
each location above corresponding box and whisker.
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Figure 6: Female horseshoe crab prosomal width (mm) by location. Median width
provided for each location above corresponding box and whisker.
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Figure 7: Female horseshoe crab weight (kg) by location. Median weight provided for
each location above corresponding box and whisker.
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ABSTRACT
The application of next generation sequencing methods to the commercially and
ecologically significant Atlantic horseshoe crab (Limulus polyphemus) may prove to
an important management tool for this fishery. Currently this species is managed over
four large swaths of the United States’ east coast while evidence exists that an
individual’s range may not be larger than an embayment. The research completed here
aims to investigate the population structure of horseshoe crabs within Rhode Island
state waters with a Massachusetts sampling location included for comparison. Doubledigest restriction-site associated DNA sequencing was used for single nucleotide
polymorphism detection and genotyping of 17,283 loci after filtering. A total of 127
outlier SNPs were detected using hierfstat, OutFLANK, and BayeScan. The remaining
17,156 were assumed to be putatively neutral. Global FST values for both datasets were
low, and pairwise FST values for the neutral dataset did not identify any significant
differences by location. The outlier dataset revealed multiple significant pairwise FST
values in sampling locations close in proximity. SNP allele frequency data and
environmental data were used in a redundancy analysis with results indicating that
there is broad-scale gene flow occurring and that there may be unmeasured
environmental variable(s) driving selection at some loci. The estimated effective
migration surface for putatively neutral loci identified Block Island Sound and
Buzzards Bay as corridors to migration and Narragansett Bay as a barrier to migration.
To further distinguish the subtle signals present in these data it is necessary to expand
the environmental variables present and increase the number of individuals per
location.
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INTRODUCTION
The Atlantic horseshoe crab (Limulus polyphemus), an invertebrate species with
origins possibly as early as the Paleozoic era, finds itself approaching heightened
concern in a conservation context. From fertilizer to bait to endotoxin detector, this
previously widely unregulated species has served a variety of commercial purposes
and now faces considerable population decline in recent years (Shuster & Botton,
1985; Berkson & Shuster, 1999; ASMFC 2019). Beyond commercial significance, the
horseshoe crab plays a key ecological role as a food source for migratory shore birds,
many of which are at risk of being endangered (Tsipoura & Burger, 1999). Along the
east coast of the United States, the migratory bird species of greatest concern are red
knot (Calidris canutus), ruddy turnstones (Arenaria interpres), and sanderlings
(Calidris alba).
To assuage these pressures, the Atlantic States Marine Fisheries Commission
(ASMFC) adopted the first horseshoe crab fisheries management plan (FMP) in 1998.
As with many FMP’s, the goal for the horseshoe crab plan is to protect and conserve
the species for current and future generations of humans and wildlife alike. A common
theme throughout the history of this FMP and related stock assessments is the need for
well-defined stock units (ASMFC, 1998; ASMFC, 2019).
The most recent coastwide genetic studies (King et al., 2005; King et al., 2015)
identified 13 microsatellite DNA markers to analyze for population structuring using
1,684 crabs from Maine to Mexico. To summarize, this work found high regional FST
values (82% pairwise FST significantly > 0), considerable allelic diversity and
differentiation, and low gene flow and concluded that eight units would be appropriate
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for management (King et al., 2015). An extensive review of horseshoe crab
conservation status summarized these eight regions down to six (Smith et al., 2017).
Additionally, Johnson’s (2016) work analyzing 22 microsatellites using crabs in the
Cape Cod, Massachusetts area suggest embayment level structuring via PCA and GST.
Currently, ASMFC uses four regions for fishery management based on similarities in
trends (from fishery independent and dependent catch data) and genetics information
from King et al. in 2005 (Table 1).
An example of the risk associated with inaccurate, definitions of stock units
can be found in the most recent stock assessment (ASMFC, 2019). This document
indicates the Northeast regional stock status is “neutral” relative to 1998 abundance
estimates, 1998 being the year the FMP was developed. However, this classification is
based on a single positive Massachusetts index and a single negative Rhode Island
index, resulting in indices nullifying each other, or averaging to no change. With
conflicting indices, it may be worth considering if Massachusetts and Rhode Island
should be included in the same region, particularly given that neighboring New York
indices show a similar trajectory to Rhode Island. Indices developed from fishery
independent data should not serve as the only argument for stock unit restructuring
when genetic analyses are available to supplement such indices. While the current
regions are genetically informed, as advised by Begg et al.’s (1999) document on
stock identification, at least two new studies should be incorporated as they suggest
horseshoe crab population genetic structure occurs over finer scales (King et al., 2015;
Johnson, 2016).
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Population genomics has become a popular tool for informing fisheries
management for finfish and invertebrate species alike (Jackson et al., 2014; Le Moan
et al., 2016; Pecoraro et al., 2016; Lal et. al, 2017; Cheng et al., 2020; Vu et al., 2021).
assessed by Benestan (2019), over 35% of recent genomic studies aimed at evaluating
management units of exploited marine species uncovered a “mismatch” between
population structure and current stock units. Another layer of complexity unique to
the horseshoe crab fishery is that crabs are returned to the sea live after being bled for
biomedical use; this means that associated mortality with this practice is significantly
less than 100%. As it is difficult to enforce crabs be returned to their location of
harvest, this species may be at risk of a fate similar to southern European Atlantic
Salmon (Ayllon, 2006). This region used stocking programs to revive dwindling
salmon populations which ultimately led to decreased genetic diversity of wild fish.
Returning crabs to a location other than the harvest site and restocking discrete water
bodies with non-native fish are both examples of human admixture.
To further investigate population structuring that could inform upon the best
management tools to implement in the New England region, the work presented here
focuses on genetic analysis of southern Massachusetts and Rhode Island. Here, we
used quaddRAD sequencing to identify single nucleotide polymorphisms (SNPs)
present in crabs from nine sampling locations. SNPs were then separated into
putatively adaptive and neutral datasets to analyze drivers of adaptation, structure, and
estimated migration rates. This work hypothesized that population-genetic breaks will
be discernable by sampling location given the population structuring identified by
King et al. (2015) and Johnson (2016) and the higher power afforded by SNPs versus
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microsatellites. Ultimately, the goal of this research is to provide genetically informed
guidance on whether current stock units in the Northeast are appropriately defined or
if the species could be more appropriately managed under alternate designations.
METHODS
Sample collection and library preparation
Adult horseshoe crabs were collected in 2020 from ten sampling locations (Manuscript
1 Figure 1). Horseshoe crab samples from all locations except Connecticut are
represented in this work. Tissue biopsies were processed using the Quick-DNA
Miniprep Plus Kit (Zymo Research) to extract DNA. DNA quantification was
performed by using a Qubit dsDNA broad-range Assay Kit (Invitrogen) with a Qubit
v3.0 then a 1% TAE electrophoresis gel to estimate fragment size.
After quantification and qualification, we followed a modification of the
double-digest restriction-site associated DNA protocol (Peterson et al., 2012) called
quaddRAD (Franchini et al., 2017), which allows for higher-level multiplexing and
detection of PCR duplicates using unique identifying barcodes. First, restriction
enzymes were tested to find the optimal combination. Enzymes PstI, EcoRI, MspI, and
SphI were tested for efficiency and selected based on estimated number of fragments
produced (20,0000 – 30,0000) and fragment size using Agilent TapeStation platform;
PstI and EcoRI were chosen after analysis. One hundred and seventy-seven samples
were then digested with enzymes PstI and EcoRI, and adapters containing sample
identifying barcodes were ligated to the digested DNA. After ligation, samples were
pooled, size selected for 600bp (BluePippin, Sage Science), and enriched via PCR,
adding dual Illumina barcodes for additional multiplexing. After library preparation
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and quality control, a total of 173 samples with ten technical replicates separated into
five pools were shipped to a commercial vendor (NovoGene) for single-lane
sequencing on the Illumina HiSeq Platform. Complete protocols, troubleshooting, and
quality control reports can be found at
https://njameral.github.io/Ameral_Lab_Notebook/
Bioinformatics and genotyping
Raw sequencing reads were deduplicated using the module clone_filter and
demultiplexed using the process_radtags module of Stacks (Catchen et al., 2011,
2013) before being processed with the dDocent bioinformatic pipeline (Puritz et al.,
2014). Briefly, dDocent removed low quality bases and adapters, mapped reads to the
Limulus polyphemus reference genome (assembly 2.1.2; GCA_000517525.1; Battelle
et al., 2016), and called single nucleotide polymorphism (SNP) loci. The mapping
parameters in dDocent were a match score of 1, a mismatch score of 3, and a gap
penalty of 5, with all others as default values.
Resulting SNPs were first filtered using VCFtools to remove individuals that
did not sequence well and include only variants genotyped in 50% of samples with a
minimum quality score above 30 and a minor allele count of at least 3
(dDocent.com). Remaining SNPs were then filtered to keep SNPs with minor allele
frequency of 0.05, filter populations by specific call rates, apply an allele balance
between 0.25 and 0.75, remove sites with reads from forward and reverse strands,
apply a mapping quality ratio between reference and alternate alleles of >0.9 and
<1.05, apply a filter for properly paired status for reads supporting reference or
alternate alleles, remove loci that did not have quality scores 2 times depth (Heng,
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2011), filter loci above a mean depth of 280, and apply Hardy-Weinberg equilibrium.
Finally, rad_haplotyper filtered for paralogs and assembly errors (Willis et al., 2017).
In addition to accounting for all SNP elimination, these steps were included to reduce
false positive calls (O’Leary et al., 2018).
Outlier Detection
The resulting genotypes were scanned for loci that have statistically higher
than background FST values (outlier loci), looking for small portions of the genome
that have larger differences in allele frequencies than expected by random (also known
as genome scans based on population differentiation) (Hoban et al. 2016). The three
methods used for outlier detection were pcadapt v.4.3.3 (Privé et al., 2020),
OutFLANK v.0.2. (Whitlock & Lotterhos, 2015) and BayeScan v.2.1 (Foll &
Gaggiotti, 2008). Pcadapt performs principal component analysis (PCA) on a centered
and scaled genotype matrix then computes correlation values (p) between SNP’s and
PC’s (Luu et al. ,2017; Privé et al., 2020). To select outliers, we applied a standard
alpha level of 0.05 to the computed q-values (false discovery rate) of the p-values.
OutFLANK uses a VCF file of SNPs with minor allele frequency (MAF) >0.05 and a
proxy for neutral FST, developed from the real dataset, to detect FST outliers with a
threshold q-value of 0.1 (Whitlock & Lotterhos, 2015). OutFLANK has been shown to
have a lower false positive rate than other outlier selection methods across a range of
demographic histories and selection regimes (Whitlock & Lotterhos, 2015). BayeScan
uses a Bayesian (posterior predictive distribution) approach to predict loci deviation
(outliers) from Hardy Weinberg proportions using FST values allocated into population
specific and locus specific segments (Foll & Gaggiotti, 2008). BayeScan was run
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using a thinning interval of 50, burn-in length 50,000, and 30 pilot runs. The threshold
q-value used for detecting outliers with BayeScan was also 0.1. A dataset of putatively
neutral loci was created by removing all identified outliers from the total SNP dataset.
Summary statistics and population structure
The outlier, neutral, and combined datasets were analyzed using the R package
hierfstat to compute summary statistics and generate global and pairwise FST values
(Goudet, 2004). Global FST examines allele frequency variation in an entire population
(as a ratio of between-population variance (S) to total variance (T) while pairwise FST
examines the subpopulation component of population structure (Wright, 1965;
Reynolds et al., 1983; Weir & Cockerham, 1984). Heatmaps of pairwise FST values
were generated to visualize population structure.
Redundancy analysis (RDA) is an extension of the multiple matrix regression
and is used to model multivariate response data (Legendre and Gallagher, 2001;
Benestan et al., 2016). RDA, computed using adegenet (Jombart, 2008; Jombart &
Ahmed, 2011) in R, was used to test for significant relationships between allele
frequencies, environmental variables, and geographic distance in the outlier and
neutral datasets. If water temperature, salinity, and dissolved oxygen measures were
not collected in the field, the data were supplemented with temporally comparable data
from RI DEM. The geographic distance was tested as distance-based Moran’s
eigenvector maps (dbMEMs) calculated using the R package, adespatial (Dray et al.,
2022). Computing dbMEMs spatially decomposes and summarizes a study area into
independent vectors that can be more easily used to describe spatial structure (Borcard
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& Legendre, 2002). Multicollinearity checks were run prior to identifying significant
variables for use in RDA.
To discern genetic groupings while minimizing between-individual variation,
we used discriminant analysis of principal components (DAPC) on the neutral and
outlier datasets (Jombart et al. 2010). A thinned neutral loci dataset (5,413 SNPs) was
also used to examine patterns of genetic diversity and infer small-scale patterns of
genetic connectivity using estimated effect migration surfaces (EEMS) (Petkova,
Novembre, & Stephens 2016). This program allows the user to calculate and visualize
spatial variation in gene flow and genomic diversity by identifying geographic regions
where genetic similarity decays more rapidly than expected. With this approach, the
expectation is always isolation by distance and the program seeks to identify where
this expectation is not supported. EEMS was run using three deme sizes (1000, 1200,
and 1500) with a burn-in of 100,000 and MCMC length 500,000 iterations. The
Reemsplots R package was used to average the results of the three runs and visualize
effective migration rate (m) and effective diversity (q).
RESULTS
Bioinformatics and Outlier Detection
A total of over three million raw sequence reads resulted from Illumina sequencing.
Once demultiplexed, dDocent produced 103,304 raw SNPs. Initial filtering by call
rate, missing data, and minor allele frequency count resulted in 23,182 SNPs and
removed four individuals that did not sequence well. SNPs were then filtered for loci
that did not genotype consistently across technical replicates leaving 21,984 SNPs and
a total of 170 individuals. After applying the remaining filters (allele balance,
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properly paired status, etc.), the program rad_haplotyper removed 176 rad loci that did
not haplotype well, leaving a final total of 17,471 SNPs. An initial run of pcadapt
revealed a strong relationship between PC1 (sex) and allele frequency, resulting in
tight groupings of males and females (Figure 1). The 188 loci strongly associated with
PC1 (all p-values < 0.00085) were removed (as sexes were intentionally collected
equally across sites), resulting in a final SNP data set of 17,283 loci. The three
methods used for loci detection identified 128 outliers (114 in pcadapt, 11 in
OutFLANK, and three in BayeScan), 127 of which were unique. The two more
conservative methods, OutFlank and BayeScan, used only the 17,237 SNPs with a
minor allele frequency greater than 0.05 to due to their reliance on FST statistics. The
neutral dataset consists of 17,156 SNPs.
Summary statistics and population structure
Expected heterozygosity, He, had a small range from a minimum of 0.3125 (outlier
dataset) to a maximum of 0.3269 (neutral dataset). Observed heterozygosity, HO,
followed a similar pattern with a minimum of 0.2977 (outlier) and a maximum of
0.3157 (neutral) (Table 2). Global FST for the outlier dataset was 0.0072, an order of
magnitude greater than both the neutral (0.0007) and combined (0.0008) data sets.
Mean pairwise FST followed the same pattern with less than a 0.0001 difference
between global FST and mean pairwise FST for corresponding datasets (Table 2). For
the outlier dataset 13 out of 36 (36%) of pairwise FST values were significant (P-value
<0.05) including every combination containing Block Island and five pairings of
sampling sites in the coastal pond region of Rhode Island (Figure 2).
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Concerning the neutral dataset, a total of 15 pairwise comparisons had an FST
value of zero including 75% of Winnapaug comparisons, 63% of Point Judith
comparisons, 50% of Conimicut Point, Narrow River, Ninigret Pond, Quonnie Pond
comparisons, and 25% of Massachusetts comparisons (Figure 3). Upper and lower
95% confidence intervals did not identify any significant differences (Figure 4).
For use in RDA, multicollinearity tests did not reveal any high levels of
correlation (|r| ≥ 0.7) between input variables using the Pearson correlation coefficient
(Figure 5). Forward selection only identified dbMEM-3 and dbMEM-2 as significant
predictors (alpha =0.1) of allele frequency in the outlier dataset. All environmental
variables had P values >0.5. RDA1 is most represented by dbMEM-3 and explains
57% of observed variation and RDA2 is predominately represented by dbMEM-2 and
explains 43% of observed variation (Figure 6). The R2 value was 0.045 with a global P
value of 0.1. When looked at individually, RDA1 had a significant P value of 0.03.
Forward selection did not identify any significant relationships within the neutral
dataset for environmental and geographic variables (all P > 0.3) thus an RDA was not
performed.
Multiple runs of DAPC for the outlier and neutral datasets did not identify any
significant groupings. With forced parameters, non-overlapping groupings could be
discerned; however, as Jombart and Collins (2015) note, it is more important that
clusters usefully describe the data, not that they merely exist.
All three estimated effective migration surface (EEMS) runs using 1000,
1200, and 1500 demes exhibited similar visual results meaning that averaging the
three outputs would be appropriate. The averaged model identified two regions, Block
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Island Sound to the southern Rhode Island coast and Buzzards Bay, that displayed
estimated migration (log(m)) > 0 and one region, Narragansett Bay, that displayed
estimated migration (log(m)) < 0. The broad area centrally located on Figure 7 is
attributed to a lack of data in this region. The probability plot reflects high confidence
(95%) in a condensed area of Block Island Sound and the Conimicut Point sampling
location (Figure 8). The model did not identify any locations where mean effective
diversity (q) differs from expected diversity (0.0) (Figure 9).
DISCUSSION
As populations decrease and sustainable population harvest levels remain difficult to
define, the Atlantic horseshoe crab may benefit from the application of population
genomics to identify fishery management units. The greatest threat to this species may
be a lack of well-defined management units because appropriate management cannot
be applied if the units are incorrect. This work calculated global and pairwise FST
values and performed RDA, DAPC, and EEMS for outlier and neutral SNP datasets
representing 170 animals from 9 sampling locations in the southern New England
region. Significant pairwise FST values identified the outlier dataset and the significant
relationship between geography and outlier allele frequencies suggests adaptive forces
may drive population structuring. The same analyses performed with the neutral
dataset suggest open gene flow except perhaps in Narragansett Bay where EEMS
shows there may be a barrier to gene flow.
Summary statistics and FST values
Although minute, lower observed than expected heterozygosity, as seen in both the
neutral and outlier datasets, signifies that sampling localities are deviating from
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Hardy-Weinberg equilibrium, and this could be caused by recent barriers to migration.
For marine invertebrates, common barriers to gene flow include loss of habitat, patchy
spawning habitat, ocean currents, and commercial harvest (Walsh et al., 2005; Cheng
et al., 2020; Vu et al., 2021). Guided by other studies of marine invertebrates, neither
the global nor pairwise FST values for the neutral data set would suggest high levels of
population structure (Uthicke & Benzie, 2003; Lal et al., 2016). As this is the first
genomic survey of horseshoe crab populations, it is still important interpret results
relative to each other, especially in the context of fisheries management. The absence
of significant differences in confidence intervals in the neutral data set suggests that
there were significant historical levels of gene flow, that there is contemporary
migration between populations, and/or that the populations are evolutionarily related
(Hart & Marko, 2010). This result opposes typical behavior of horseshoe crabs which
includes strong site fidelity and year-round occupation of small water bodies (Moore
& Perrin, 2007; Schaller et al., 2010; James-Pirri, 2010) and reports of low gene flow
using microsatellites (King et al., 2105). However, tagging data in Manuscript I
exhibits examples of mixing between sampling locations thus supporting the genetic
findings here.
The significant values present in the pairwise FST dataset for outlier loci
denote which pairings are responding to selection pressures, such as environment, prey
availability, and selective harvest, in different ways via allele frequencies. This is not a
surprising result for the geographically isolated sampling locations (Block Island and
Mass); however, the significant differences present in the closely grouped coastal
ponds region, a 50km swath of coastline, are notable. Possible variables that could
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contribute to these differences are boat traffic, pollution, and aquaculture farm
densities. Although the percent of pairwise FST values significantly different from zero
is considerably lower in this study (36%) than in King et al.’s 2015 work (82%), I
consider these results consistent given that the geographic scale King observed was
considerably larger. Compared to Johnson’s 2016 work which reports 24% significant
pairwise comparisons using GST, the work presented here found very consistent results
over a comparable geographic scale.
Redundancy analysis and estimated effective migration surfaces
FST values informed upon whether each data set exhibited population structuring while
RDA aimed to elucidate the drivers of both neutral and outlier population structure.
The inability of RDA to find an environmental or geographical correlate to describe
the neutral data set is not surprising given the low FST results; however, the low FST
does not immediately preclude the presence of a significant variable thus the test is
still important to perform. The significant relationship between db-MEM3 and the
outlier loci suggests that there is some localized adaptation present, but the
environmental variable driving the selection is not contained in our dataset. Possible
environmental variables to explore, given their status as drivers of selection in other
marine invertebrates, are air temperature and pollution (Denis-Roy et al., 2020;
Nielson et al., 2020). Another possibility is that the dataset could contain the
environmental variable driving selection, but the number of observations for each
variable may be too low or the accuracy too low to represent the trends in each
location. Several previous studies that have found sea surface temperature and
dissolved oxygen to be significant drivers of marine invertebrate population structure
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(Benestan et al., 2016; Bernatchez et al. 2018; Nielson et al. 2020) support attempting
to compile a more robust dataset including the variables tested in this study.
Estimated effective migration surfaces (EEMS) are used to approximate
possible historic migration patterns that would result in the diversity observed today
with a baseline expectation that isolation by distance is occurring. The areas
highlighted in blue on the EEMS map, which indicate greater than expected migration
(or departure from isolation by distance), are consistent with FST values between sites
(Figure 7). The orange area of the map, located in upper Narragansett Bay and
indicative of lower-than-expected migration, offers insight into a possible barrier to
gene flow. The dynamic currents, mixing, or submarine topography of Narragansett
Bay are all possible explanations of this relative isolation (Weisberg & Sturges, 1976;
Spaulding & Swanson, 2008). A lack of confidence in the blue migration polygon in
Massachusetts could be improved with the addition of more samples as this region had
relatively low representatives (N=17).
Implications for fisheries management
This work illustrates that the strongest signal of population structuring is present in the
outlier dataset. While overall gene flow is present, as demonstrated by the neutral loci,
there may be selection pressures acting on putatively adaptive loci. This discovery is
important especially regarding the return of bled crabs to their location of harvest. As
we have seen, there is evidence of migration of individuals between sites. Negative
impacts to populations can arise when individuals are returned to a site that does not
match their fitness level as provided by localized adaptation (Schwenk & Spaak, 1995;
Molofsky et al., 2014). Transplanting many unfit individuals over many generations
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could lead to a gene pool with less adaptive alleles present (decreased evolutionary
potential); ultimately resulting in local extinctions (Bouzat, 2010; Markert et al.,
2010). In addition to admixture, overharvest for commercial use could likely
precipitate localized and total extinction. These concerns are exacerbated by climate
change, the only solutions to which, besides human interference, are dispersal,
phenotypic plasticity, and adaptation (Kirk & Freeland, 2011).
This work hypothesized that population-genetic breaks will be discernable by
embayment. While the results presented here do not entirely support the hypothesized
fine-scale population structuring, there is ample evidence that structuring, via
putatively adaptive loci, is far more partitioned than current ASMFC management
units. Notably, there are significant differences observed in adaptive allele frequencies
over a 50km range of discrete coastal ponds and the current range of the management
unit is over 500km of coastline. Identifying the drivers of selection, as well as
increasing sampling sites and individuals per site, is crucial to perform before
proposing management action. Possible measures to employ include stricter
enforcement of returning crabs to their harvest location (to ensure that human-aided
admixture is avoided) and location-specific harvest quotas. Ultimately, conserving
this species means continued medical advancement, job security for commercial
fisheries workers, and supporting fragile ecosystems.
ACKNOWLEDGMENTS
We would like to thank commercial fisherman Ian Campbell for his participation in
horseshoe crab sampling in remote areas. Additionally, we thank Kim Gaffet and
Diandra Verbeyst from the Nature Conservancy on Block Island for coordinating

49

sampling during their surveys. Thank you to our state and federal partners at the
Connecticut Department of Environmental Protections, Massachusetts Division of
Marine Fisheries, and USFWS for it possible to locate, access, and tag. Finally, thank
you to the University of Rhode Island, specifically the entire Puritz Lab and student
researchers Anna Sorgie and Jacqueline Carroll for participating and making this work
possible.
FUNDING
This project was made possible by the United States Fish and Wildlife State Wildlife
Grant Program, the Rhode Island Department of Environmental Management, and the
Puritz Lab of Marine Evolutionary Ecology at the University of Rhode Island
according to specifications of State Wildlife Grand Award F19AF00966.
LITERATURE CITED
Atlantic States Marine Fisheries Commission (ASMFC). 1998. Interstate Fisheries
Management Plan for Horseshoe Crab. Retrieved from:
http://www.asmfc.org/uploads/file/hscFMP.pdf
Atlantic States Marine Fisheries Commission (ASMFC). 2019. 2019 Horseshoe Crab
Benchmark Stock Assessment and Peer Review Report. Retrieved from:
http://www.asmfc.org/uploads/file/5cd5d6f1HSCAssessment_PeerReviewRep
ort_May2019.pdf
Ayllon, F., Martinez, J. L., & Garcia-Vazquez, E. (2006). Loss of regional population
structure in Atlantic salmon, Salmo salar L., following stocking. ICES J. Mar.
Sci., 63(7),1269–1273. https://doi.org/10.1016/j.icesjms.2006.03.023
Battelle, B. A., Ryan, J. F., Kempler, K. E., Saraf, S. R., Marten, C. E., Warren, W. C.,
Minx, P. J., Montague, M. J., Green, P. J., Schmidt, S. A., Fulton, L., Patel, N.
H., Protas, M. E., Wilson, R. K., & Porter, M. L. (2016) Opsin Repertoire and
Expression Patterns in Horseshoe Crabs: Evidence from the Genome of
Limulus polyphemus (Arthropoda: Chelicerata). Genome Biol Evol., 8(5),
1571-89.
Begg, G. A., Friedland, K. D., Pearce, J. B. (1999). Stock identification and its role in
stock assessment and fisheries management: an overview. Fish. Res. 43(1),
50

1-8.
Benestan, L. (2019). Population genomics applied to fishery management and
population. In Oleksiak, M., F. & Rajora, O.P. (Eds.), Population genomics:
Marine organisms (pp. 399–421). Springer.
Benestan, L., Quinn, B. K., Maaroufi, H., Laporte, M., Clark., F. K., Greenwood, S. J.,
Rochette, R., & Bernatchez, L. (2016). Seascape genomics provides population
structure in American lobster (Homarus americanus). Mol. Ecol., 27(7),
1603-1620.
Berkson, J., & Shuster, C.N. (1999). The Horseshoe Crab: The Battle for a True
Multiple-use Resource. Fisheries, 24(11), 6-11.
Bernatchez, S., Xuereb, A., Laporte, M., Benestan, L., Steeves, R., Laflamme, M.,
Bernatchez, L., & Mallet M. A. (2018). Seascape genomic analysis of easter
oyster (Crassotrea virginica) along the Atlantic coast of Canada. Evol. Appl.,
12, 587-609.
Borcard, D., Legendre, P. (2002). All-scale spatial analysis of ecological data by
means of principal coordinates of neighbor matrices. Ecol Modell, 153, 51-68.
Bouzat, J. L. (2010). Conservation genetics of population bottlenecks: the role of
chance, selection, and history. Conserv. Genet., 11, 463-478.
Catchen, J., Amores, A., Hohenlohe, P., Cresko, W., and Postlethwait, J. (2011)
Stacks: building and genotyping loci de novo from short-read sequences. G3
1,171-182. [reprint]
Catchen, J., Hohenlohe P., Bassham, S., Amores, A., and Cresko, W. (2013).
Stacks: an analysis tool set for population genomics. Mol. Ecol. [reprint]
Cheng, S. H., Gold, M., Rodriguez, N., & Barber, P.H. Genome-wide SNPs reveal
complex fine scale population structure in the California market squid fishery
(Doryteuthis opalescens). (2021). Conserv. Genet., 22, 97-110.
Denis-Roy, L., Ling, S. D., Fraser, K. M., & Edgar, G. J. (2020). Relationships
between invertebrate benthos, environmental drivers and pollutants at a
subcontinental scale. Mar. Pollut. Bull. 157, 111316.
Dray, S., Bauman, D., Blanchet, G., Borcard, D., Clappe, S., Guenard, G., Jombart, T.,
Larocque, Gg, Legendre, P., Madi, N., & Wagner, H.H. (2022). adespatial:
Multivariate Multiscale Spatial Analysis. R package version 0.3-16,
<https://CRAN.R-project.org/package=adespatial>.
Foll, M., & Gaggiotti, O. E. (2008). A genome scan method to identify selected loci
51

appropriate for both dominant and codominant markers: A Bayesian
perspective. Genetics, 180, 977-993.
Franchini, P., Monné Parera, D., Kautt, A.F., & Meyer, A. (2017). quaddRAD: a new
high-multiplexing and PCR duplicate removal ddRAD protocol produces novel
evolutionary insights in a nonradiating cichlid lineage. Mol Ecol, 26: 27832795. https://doi-org.uri.idm.oclc.org/10.1111/mec.14077
Goudet, J., (2004). HIERFSTAT, a package for R to computer and test hierarchical
F-statistics. Mol. Ecol. Notes, 5(1), 184 -186.
Hart, M. W., & Marko, P. B. (2010). It’s About Time: Divergence, Demography, and
the Evolution of Developmental Modes in Marine Invertebrates. ICB, 50(10),
643-661.
Hoban, S., Kelley, J. L., Lotterhos, K. E., Antolin, M. F., Bradburd, G., Lowry, D. B.,
Poss, M. L., Reed, L. K., Storfer, A., & Whitlock, M. C. (2016). Finding the
Genomic Basis of Local Adaptation: Pitfalls, Practical Solution, and Future
Directions. Am. Nat., 188(4), 379-97.
Jackson, A. M., Semmens, B. X., Sadovy de Mitcheson, Y., Nemeth, R.S., Heppell, S.
A., Bush, P. G., Aguilar-Perera A., Claydon J. A. B., Calosso, M. C., Sealey,
K. S., Schärer, M. T., & Bernardi, G. (2014). Population Structure and
Phylogeography in Nassau Grouper (Epinephelus striatus), a MassAggregating Marine Fish. PloS One,
https://doi.org/10.1371/journal.pone.0097508
James-Pirri, M., Tuxbury, K., Marino, S., & Koch, S. (2005). Spawning densities, egg
densities, size structure, and movement patterns of spawning horseshoe crabs,
Limulus polyphemus, within four coastal embayments on Cape Cod,
Massachusetts. Estuaries 28(2), 296-131.
Johnson, K. T. (2016). Population genetic analysis of Atlantic horseshoe crab (Limulus
polyphemus) in coastal Massachusetts. Masters Theses. 326.
https://scholarworks.umass.edu/masters_theses_2/326/
Jombart, T. (2008). adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics, 24, 1403-1405.
Jombart, T., Devillard, S. & Balloux, F. (2010) Discriminant analysis of principal
components: a new method for the analysis of genetically structured
populations. BMC Genet, 11(94). https://doi.org/10.1186/1471-2156-11-94
Jombart, T., Ahmed, I. (2011). adegenet 1.3-1: new tools for the analysis of
genome-wide SNP data. Bioinformatics. doi:10.1093/bioinformatics/btr521.

52

Jombart, T., Collins, C. (2015). A tutorial for Discriminant Analysis of Principal
Components (DAPC) using adegenet 2.0.0. https://adegenet.r-forge.rproject.org/files/tutorial-dapc.pdf
King, T. L., Eackles, M. S., Spidle, A. P., & Brockmann H. J. (2005) Regional
Differentiation and Sex-Biased Dispersal among Populations of the Horseshoe
Crab Limulus polyphemus. Trans. Am. Fish. Soc., 134(2), 441-465.
King, T. L., Eackles, M. S., Aunins, A. W., Brockmann, H .J., Hallerman, E., &
Brown, B.L. (2015). Conservation Genetics of the American Horseshoe Crab
(Limulus polyphemus): Allelic Diversity, Zones of Genetic Discontinuity, and
Regional Differentiation. In: Carmichael, R., Botton, M., Shin, P., Cheung, S.
(eds) Changing Global Perspectives on Horseshoe Crab Biology, Conservation
and Management. Springer, Cham.
Kirk, H., & Freeland, J. R. (2011). Applications and implications of neutral versus
non-neutral markers in molecular ecology. Int. J. Mol. Sci., 12, 3966-3988.
Lal, M. M., Southgate, P. C., Jerry, D. R., & Zenger K. R. (2016). Fishing for
divergence in a sea of connectivity: The utility of ddRADseq genotyping in a
marine invertebrate, the black-lip pearl oyster Pinctada margaritifera.
Mar Genomics, 25, 57-68.
Lal, M. M., Southgate, P. C., Jerry, D. R., Bosserelle, C., & Zenger, K. (2017). Swept
away: ocean currents and seascape features influence genetic structure across
the 18,000 Km Indo-Pacific distribution of a marine invertebrate, the black-lip
pearl oyster Pinctada margaritifera. BMC Genet., 18(66).
Le Moan, A., Gagnaire, P. A., Bonhomme, F. (2016). Parallel genetic divergence
among coastal–marine ecotype pairs of European anchovy explained by
differential introgression after secondary contact. Mol. Ecol., 25(13), 31873202.
Legendre, P., & Gallagher, E. D. (2001). Ecologically meaningful transformations for
ordination of species data. Oecologia, 129, 271-280.
Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing data.
Bioinformatics, 27(11), 2987-2993.
Luu, K., Bazin, E., & Blum, M.G.B. (2017). pcadapt: an R package to perform
genome scans for selection based on principal component analysis. Mol. Ecol.
Resour., 17(1), 67-77.
Markert, J. A., Champlin, D. M., Gutjahr-Gobell, R., et al. (2010). Population genetic
diversity and fitness in multiple environments. BMC Evol. Biol., 10, 205.
53

Molofsky, J., Keller, S. R., Lavergne, S., Kaproth, M. A., & Eppinga, M. B. (2014).
Human-aided admixture may fuel ecosystem transformation during biological
invasions: theoretical and experimental evidence. Ecol. Evol., 4(7), 899-910.
Moore, S., & Perrin, S.(2007). Seasonal Movement and Resource-Use Patterns of
Resident Horseshoe Crab (Limulus polyphemus) Populations in a Maine, USA
Estuary. Estuaries Coast, 30, 1016-1026.
Nielson, E. S., Henriques, R., Beger, M., Toonen, R. J., & von der Heyden, S. (2020).
Multi-model seascape genomics identifies distinct environmental drivers of
selection among sympatric marine species. BCM Evol. Bio., 20, 121.
O’Leary, S. J., Puritz, J. B., Willis, S. C., Hollenbeck, C. M., & Portnoy, D. S. (2018).
These Aren’t the Loci You’re Looking for: Principles of Effective SNP
Filtering for Molecular Ecologists. Mol. Ecol., July.
https://doi.org/10.1111/mec.14792.
Pecoraro, C., Babbucci, M., Franch, R., Rico, C., Papetti, C., Chassot, E., Bodin, N.,
Cariani, A., Bargelloni, L., & Tinti, F. (2018). The population genomics of
yellowfin tuna (Thunnus albacares) at global geographic scale challenges
current stock delineation. Sci. Rep., 8(13890).
Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra H. E. (2012).
Double Digest RADseq: An Inexpensive Method for de Novo SNP Discovery
and Genotyping in Model and Non-Model Species. PloS One 7(5), e37135.
Petkova, D., Novembre, J., & Stephens, M. (2016). Visualizing spatial population
structure with estimated effective migration surfaces. Nat. Genet., 48(1),
94-100.
Privé, F., Luu, K., Vilhjálmsson, B. J., & Blum, M.G.B. (2020). Performing highly
efficient genome scans for local adaptation with R package pcadapt version 4.
Mol. Biol. Evol., 37(7), 2153-2154.
Puritz, J. B., Hollenbeck, C. M., & Gold, J. R. (2014). dDocent: A RADseq, VariantCalling Pipeline Designed for Population Genomics of Non-Model Organisms.
PeerJ, 2(June), e431.
Reynolds, J., Weir, B. S., & Cockerham, C.C. (1983). Estimation of the coancestry
coefficient: basis for a short-term genetic distance. Genetics, 105, 767-779.
Schaller, S. Y., Chabot, C. C., Watson III, W. H. (2010). Seasonal movement of the
American horseshoe crab Limulus polyphemus in the Great Bay Estuary, New
Hampshire(USA). Curr. Zool., 56(5), 587-598.

54

Schwenk, K., & Spaak, P. (1995). Evolutionary and ecological consequences of
interspecific hybridization in cladocerans. Experientia, 51, 465-481.
Shuster, C.N., & Botton, M. L. (1985). A contribution to the population biology of
horseshoe crabs Limulus polyphemus in Delaware Bay. Estuaries, 8,3 63-372.
Smith, D. R., Brockmann, H., Beekey, M.A. et al. (2017). Conservation status of the
American horseshoe crab, (Limulus polyphemus): a regional assessment. Rev
Fish Biol Fisheries, 27, 135–175.
https://doiorg.uri.idm.oclc.org/10.1007/s11160-016-9461-y
Spaulding, M. L., Swanson, C. (2008). Circulation and Transport Dynamics in
Narragansett Bay. In: Desbonnet, A., Costa-Pierce, B.A. (eds) Science for
Ecosystem-based Management. Springer Series on Environmental
Management. Springer, New York, NY.
https://doi-org.uri.idm.oclc.org/10.1007/978-0-387-35299-2_8
Tsipoura, N., & Burger, J. (1999). Shorebird Diet during Spring Migration Stop-Over
on Delaware Bay. Condor, 101, 635-644.
https://doi.org/10.2307/1370193
Uthicke, S. & Benzie, J.A.H. (2003), Gene flow and population history in high
dispersal marine invertebrates: mitochondrial DNA analysis of Holothuria
nobilis (Echinodermata: Holothuroidea) populations from the Indo-Pacific.
Mol. Ecol., 12, 2635-2648.
Vu, N. T. T., Zenger, K. R., Silva, C. N. S., Guppy, J. L., & Jerry, D. R. (2021)
Population Structure, Genetic Connectivity, and Signatures of Local
Adaptation of the Giant Black Tiger Shrimp (Penaeus monodon) throughout
the Indo-Pacific Region. GBE, 13(10). https://doi.org/10.1093/gbe/evab214
Walsh, M. R., Munch, S. B., Chiba, S., & Conover, D. O. (2005). Maladaptive
changes in multiple traits caused by fishing: impediments to population
recovery. Ecol, 9(2), 142-148.
Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the analysis of
population structure. Evolution, 38(6), 1358-1370.
Weisberg, R. H., & Sturges, W. (1976). Velocity observation in the west passage of
Narragansett Bay: a partially mixed estuary. J. Phys. Oceanogr., 6(3), 345-354.
Whitlock, M. C., & Lotterhos, K. E. (2015). Reliable Detection of Loci Responsible
for Local Adaptation: Inference of a Null Model through Trimming the
Distribution of F(ST). Am. Nat.,186, S24-36.
Willis, S. C., Hollenbeck, C. M., Puritz, J. B., Gold, J. R. and Portnoy, D. S. (2017).
55

Haplotyping RAD loci: an efficient method to filter paralogs and account for
physical linkage. Mol Ecol Resour, 17, 955–965. doi:10.1111/17550998.12647
Wright, S. (1965). The interpretation of population structure by F-statistics with
special regard to systems of mating. Evolution, 19, 395-420

56

TABLES
Table 1: Atlantic States Marine Fisheries Commission management units for Atlantic
horseshoe crab.
Region Name
Upper Limit
Lower Limit
Northeast
Maine
Rhode Island
New York
Connecticut
Point Pleasant Beach, NJ
Delaware Bay
Point Pleasant Beach, NJ
Virginia
Southeast
North Carolina
Florida
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Table 2: Summary statistics for outlier (127 SNPs), neutral (17,156 SNPs), and
combined (17,283 SNPs) datasets. Ho (observed heterozygosity), He (expected
heterozygosity), and FST (Wright’s F statistic) are averaged across loci. FST and
pairwise FST use Weir & Cockerham’s (1984) methods.
Mean pairwise FST
Dataset
HO
He
FST
(Min-Max)
Outlier
0.2977
0.3125
0.0072
0.008 ( 0 - .02)
Neutral
0.3157
0.3269
0.0007
0.0008 (0 - .0049)
Combined
0.3156
0.3268
0.0008
0.0009 (0 - .005)
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FIGURES
Figure 1: pcadapt object showing clustering by sex plotted onto PC1 and PC2 (n=170)
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Figure 2: Pairwise FST (Weir & Cockerham, 1984) for outlier SNPs.
Comparisons with significant P values are marked (X).
(N=170, SNPs = 127, mean=0.008)
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Figure 3: Pairwise FST (Weir & Cockerham, 1984) for neutral SNPs
(No significant P values identified) (N=170, SNPs = 17,156)
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Figure 4: Actual pairwise FST values for thinned neutral loci dataset.
Upper and lower 95% intervals shown.
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Figure 5: Multicollinearity test using Pearson correlation coefficient
(r) to examine variables before use in redundancy analysis.
Histogram of each variable along diagonal, r values above diagonal,
variable values represented on x and y axes, relationship between
variables summarized below diagonal.
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Figure 6: Redundancy analysis for outlier SNPs. R2 =0.045,
variance explained by RDA1= 57%,
variance explained by RDA2= 43%.
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Figure 7: Posterior mean migration rates (m) on the log10 scale for
neutral loci. Average migration (m) = 0.
Log(m)
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Figure 8: Posterior probabilities of migration rates (m) on the log10
scale for neutral loci: P{log(m)<>0 | diffs}
P{log(m)>0}

P{log(m)<0}
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Figure 9: Posterior mean diversity rates (q) on the log10 scale for
neutral loci.
Log(q)
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